Context: Dynamic shoulder motion can be captured using video capture systems, but reliability has not yet been established. Objective: To compare the reliability of 2 systems in measuring dynamic shoulder kinematics during forward-elevation movements and to determine differences in these kinematics between healthy and injured subjects. Design: Reliability and cohort. Setting: Research laboratory. Participants: 11 healthy subjects and 10 post-superior labrum anteroposterior lesion patients (SLAP). Intervention: Contrasting markers were placed at the hip, elbow, and shoulder to represent shoulder elevation and were videotaped in 2 dimensions. Subjects performed 6 repetitions of active elevation (AE) and active assisted elevation of the shoulder, and 3 trials were analyzed using Datapac (comprehensive system) and Dartfish (basic system). Main Outcome Measures: Amplitudes and velocities of the shoulder angle were calculated. Intraclass correlation coefficient (ICC), standard error of measurement (SEM), and levels of agreement (LOA) were used to determine intersystem and intertrial reliability. Results: For AE, the amplitude maximum (ICC = .98-.99, SEM = 2-3°, LOA = -9° to 5°) and average velocity (ICC = .94-.97, SEM = 1°/s, LOA = -4° to 1°/s) indicated excellent intersystem reliability between systems. Intratrial reliability for minimum velocity was moderate for Datapac (ICC = .64, SEM = 4°/s, LOA = 7°/s) and poor for Dartfish (ICC = .52, SEM = 20°/s, LOA = 37°/s). Cohort results demonstrated for AE a greater amplitude for healthy v SLAP (139° ± 11° v 113° ± 13°; P = .001) and interaction for an average velocity increase of 2°/s in healthy and decrease of 2°/s in SLAP patients over the 3 trials (P = .02). Conclusions: Reliability ranges provide the means to assess the clinical meaningfulness of results. The cohort differences are supported when the values exceed the ranges of the SEM; hence the amplitude results are meaningful. For dynamic shoulder elevation measured using video, the assessment of velocity was found to produce moderate to good reliability. The results suggest that with these measures subtle changes in both measures may be possible with further investigations.
Kinematic descriptions of human movement provide valuable objective measurements for assessing human performance and function. In a clinical setting, loss of range of motion (ROM) is a common impairment seen after shoulder injuries. 1 One measure of progress and a common goal during shoulder rehabilitation is an increase in active motion. [2] [3] [4] Active elevation is an important function of the shoulder, and an increase in active elevation often corresponds with increased levels of function. 5, 6 Active elevation is a component of shoulder functional and disability self-report questionnaires and is often measured during rehabilitation. 7 ROM is most commonly recorded statically with a universal goniometer. 8 Goniometry provides information about how much motion is obtained but has a limitation in that it is only a static measure of amplitude. It does not provide objective information regarding the speed of the motion, which is another functionally important component that has been used to measure upper extremity improvement after injury 9 and has been incorporated into functional assessment tools. 10 Motion-analysis systems provide the means to measure motion in a dynamic manner, and because position data across time are obtained, additional kinematic and kinetic measures can be calculated (eg, velocity, acceleration, estimation of mechanical power) and used to identify differences between people. Differences in synchrony of hand-movement velocities have been demonstrated between stroke patients and healthy subjects during reaching tasks. 9 In addition, dynamic movements recorded over the entire ROM can yield more information than the singular amplitude measure of a goniometer. 11 The use of video has provided an effective means of motion analysis in biomechanical applications for some years. 12 For clinicians to start to use a simple 2-dimensional video motion-analysis system, they need to have confidence in the reliability, appreciate the measurement error, and have the process of video digitizing be convenient and time efficient. Previously, manual digitization of video data was too time-consuming for clinical use. Today, video motion-analysis software systems allow capture and analysis in a time-efficient process through automatic marker identification and autotracking. There are several systems available to carry out this autotracking process. [13] [14] [15] [16] The prices vary from free to several thousand dollars depending on the type of options included, with most systems costing approximately $1000. Video recording can now potentially provide a simple and practical method of obtaining kinematic data using either a basic system such as Dartfish (Alpharetta, GA) or a more comprehensive system such as Datapac (Run Technologies, Mission Viejo, CA) with greater data processing to remove errors. When using any measurement device, its reliability should be assessed. With regard to goniometry, interrater standard error of the measurement (SEM) values of shoulder ROM have been reported as high as 25° in subjects with shoulder pathology. 8 Motion-capture systems have been compared and produce greater motion accuracy than video-based systems. 16, 17 However, the reliability of shoulder motion in actual human subjects using 2-dimensional video motion-capture systems has not been previous assessed. Hence, the aims of this study were to compare the reliability of 2 motion-analysis software systems-a basic and a comprehensive system-in measuring shoulder kinematics during shoulder forward-elevation movements and to assess whether these kinematics can be used to distinguish differences between healthy and injured patients.
Methods

Study Design
A reliability study was conducted to compare 2 video motion-analysis systems in measuring kinematics of 2 shoulder forward-elevation movements. A cohort comparison was also used to determine the ROM and average velocity differences between healthy individuals and patients after a surgical repair of a superior labrum anteroposterior (SLAP) lesion. The video data used in this study were part of another study investigating electromyographical activation of shoulder muscles during active and active assisted exercises after shoulder surgery.
Participants
Subjects volunteered to participate and provided written consent approved by the local institutional review board. Twenty-one subjects participated in this study and were divided into 2 groups, healthy and postsurgical anteroposterior repair. Healthy subjects (8 men, 3 women; age 27 ± 6 y; height 1.77 ± 0.08 m; mass 83.8 ± 18.2 kg) had no history of significant shoulder injury (fracture, dislocation, or surgery) and had full pain-free active ROM of the shoulder. Post-SLAP subjects (10 men, 1 woman; age 29 ± 9 y; height 1.82 ± 0.07 m; mass 95.2 ± 18.7 kg) were recruited from the university's sport-medicine clinic 4 to 7 weeks after their surgery because this was a time period associated with one of their postoperative physician visits. The SLAP group had no concomitant rotator-cuff or Bankart repair, and this was their first surgery on the affected shoulder. Analysis of variance comparing groups for age, height, and weight revealed no significant difference between groups (P > .28). There was no difference in frequency of sexes between groups, χ 2 = .40 (P = .64).
Instrumentation of Subjects
Male subjects wore no shirts and female subjects wore sports bras or tank tops during testing. Contrasting 3-cm Styrofoam markers were placed on each subject's hip, shoulder, and elbow ( Figure 1 ). The size of the marker was recommended by Run Technologies, manufacturers of the Datapac software program, because of the pixel resolution of the video-capture process. A white hip marker was placed over a black hook-and-loop strap that was worn by the subject around the waist, halfway between the highest point on the iliac crest and the posterosuperior iliac spine. The white elbow marker, over a black hook-and-loop strap worn around the arm, was placed just above the lateral epicondyle. A black shoulder marker over white adhesive tape was placed over the approximated shoulder-joint center of rotation just lateral to the posterior glenoid. The joint center was estimated by bisecting the distance between the inferior humeral head with the arm elevated to 90° in the scapular plane while palpating from the axilla to the posterior angle of the acromion. 18 
Procedures
A digital video camcorder (Canon ZR850 NTSC) was set up on a tripod at a height of 1.54 m from the ground to the center of the camera lens and 3.00 m from the subject. The video camera was connected through an IEEE 1394 FireWire cable to a computer. The 2-dimensional filming was performed in accordance with the British Association of Sports Sciences guidelines. 19 In summary, this includes the following procedures: identifying the plane in which the subject will perform the movement, check that the plane has a nonshiny background and contrasts with the subject, place the camera as far as possible from the plane, ensure that the camera is positioned on the center of the action, align the optical axis of the camera perpendicular to the plane of movement, provide a rigid support for the camera, zoom in on the plane and manually focus the camera, zoom out just far enough to obtain the field of view desired, prepare the subject with body-segment markers, and perform practice trials.
The subjects performed 2 exercises in the scapular plane: active elevation (AE) and active assisted elevation (AAE) using a device called the Upper Extremity Ranger (Rehabinovations, Omaha, NE). The Upper Extremity Ranger has a custom plastic molded hand support articulating with a telescoping metal tube via a rubber connector that allows for natural multiplanar motions of the upper extremity. The purpose of the device is to support the hand in a relaxed posture instead of gripping, and it is used during active assisted exercises to unload the weight of the upper extremity. Subjects were instructed to maintain the arm between 2 vertical planes indicated by 2 black lines on the ground that were 16.5 cm apart, with the feet positioned at a 30° angle to ensure that motion was in the scapular plane. The investigators continually observed subjects performing the exercise to ensure that the scapular plane was maintained. A guide was not used because subjects were able to stay within the lines, and it was thought to be more representative of a typical clinical environment. For each exercise, subjects observed a demonstration and were instructed to maximally elevate their arm within their limits of pain. All subjects rated their level of pain on a 100-mm visual analog scale (0 = no pain, 100 = worst pain imaginable) before data collection and after each exercise set. Pain never exceeded 20 mm for any subject during the exercises, and only 3 of the 11 SLAP participants reported any pain during the 2 exercises. Each subject was asked to maximally elevate the arm for AE and for AAE to measure the amount of elevation with a universal goniometer. Subjects were asked to perform the exercises at a consistent rate of 20°/s based on a metronome set at 60 beats/min. Based on the maximal shoulder elevation measured with a goniometer, the subject was asked to elevate on a set number of beats (maximal shoulder elevation equaled 120°) and then elevate the arm on 6 beats of the metronome and lower at the same rate. Subjects were then allowed practice trials to ensure correct performance. Six repetitions of each exercise were performed in random order and recorded at 60 Hz directly onto the computer.
Data Reduction
The files stored in the audio-video interleaves (AVI) format were analyzed using 2 motion-analysis systems: Datapac version 5 (Run Technologies, Mission Viejo, CA) and Dartfish version 4.5 (Swiss Federal Institute of Technology, Lausanne, Switzerland). Three repetitions, trials 3 to 5, were analyzed on each system by tracking the hip, shoulder, and elbow markers. On Datapac, these markers were identified using default tracking parameters to create the shoulder angle. The marker speed, size, and contrast were set at medium. Autotracking, which is the ability of the software program to automatically identify markers in subsequent frames, was selected, and each file was visually inspected for errors. When tracking errors were observed, as defined by digital-marker identification falling out of the boundary of the color of the Styrofoam marker, the autotracking process was stopped by the software program. This occurred automatically in nearly all cases, and the investigator rewound the AVI file back to the frame in which the error occurred, and the marker was reidentified and autotracking reinitiated. After each file was completely tracked, the relevant kinematic data for the 3 trials were generated and the files were saved.
On Dartfish, the marker tracking was performed in a similar manner. The 3 markers were connected to create a shoulder angle. Tracking speed was set at fast (20% of image), and the markers were autotracked by selecting play. To identify tracking errors, because there is no automatic stop feature the file had to be constantly observed and manually stopped when an error occurred. The AVI file would then be rewound back to the frame in which the error occurred, and the marker was reidentified and play reselected. When tracking was finished, the created table with instantaneous angle and velocity data was saved.
On Datapac, each of the 3 trials was determined for the onset and offset by exceeding 0.1°/s and -0.1°/s during the upward slope of the velocity curve. Each event was also manually inspected to ensure proper onset and offset. The angle data were smoothed using a low-pass second-order Butterworth filter with a cutoff frequency of 3.5 Hz, with zero lag. The velocity data were smoothed by applying the differentiate command with a time constant of 400.0 milliseconds. These smoothing settings were determined by visual inspection of the smoothed data fitted to the raw data. Datapac provided all the amplitude and velocity measures calculated.
The original AVI file was recorded on Datapac at 60 Hz because the system had the ability to deinterlace the fields of a standard 30-Hz video camera used to capture the dynamic motions. However, when the AVI file was transferred onto the Dartfish system it could not be deinterlaced, resulting in a sampling frequency of 30 Hz from the extracted data. To compensate for these different sampling rates the start and end of each trial from Datapac were used in Matlab (v2008b, MathWorks Inc, Natick, MA) to synchronize the data with the Dartfish trials. With the synchronized data, Matlab was further used to calculate the variables for Dartfish using the same calculations as available in Dartfish. No additional data processing, such as smoothing, was used because such features are not available in Dartfish.
Dependent measures for amplitude (angle) and velocity were calculated for each repetition. Amplitude measures were minimum angle (θ min ) and maximum angle (θ max ; Figure 2 ). Velocity measures were the minimum (ω min ), maximum (ω max ), and average (ω avg ). For ω avg , this was calculated as (θ max -θ min )/(tθ maxtθ onset ), where tθ max is the time to θ max and tθ onset is the time at onset of the repetition. In addition, data for the tracking of the 3 repetitions for each AVI file were recorded for the number of errors and time required to track each AVI file. 
Statistical Analysis
For θ min , θ max , and ω avg reliability between the 2 systems was calculated for each trial using 1-way random single-measures intraclass correlation (ICC 1,1 ), standard error of measurement (SEM), 20 and limits of agreement (LOA). Because this provided 3 values, the range of outputs was presented. For ω min and ω max , because these were smoothed in Datapac and unsmoothed in Dartfish, reliability between the 3 trials but not between the 2 systems was calculated. This was calculated using the ICC, SEM, and agreement boundary. LOA (for comparing 2 measurements) and the agreement boundary (for comparing 2 or more measurements) provide the 95% confidence intervals for the average differences between the 2 measures and a more clinically interpretable value, because the data were presented in the original units of measurement. 21 When a difference between 2 measures exceeds the LOA (or agreement boundary), differences can be more confidently attributed to true clinical change. These calculations were performed in Excel (Microsoft Corp, Redmond, WA).
To compare between healthy and SLAP groups and within the 3 trials, 2-way mixed ANOVAs were conducted separately for θ max and ω avg . When significant interactions occurred these were reported instead of main effects. For significant differences a Bonferroni post hoc analysis was performed. The statistical significance value was set at .05, and all analyses were conducted in SPSS (version 17, Chicago, IL). Descriptive data are presented as means and standard deviations (mean ± SD).
Results
The descriptive and reliability statistics for amplitude and average velocity are presented in Table 1 . The ICCs for amplitude of movement for both active elevation and active assisted elevation ranged from .90 to .99, indicating excellent interrater Data are combined healthy participants (n = 11) and patients with superior labrum anteroposterior lesions (n = 10). System data are average means ± SD for 3 repetitions; reliability data are ranges for the statistics from the 3 repetitions. AE, active elevation; AAE, active assisted elevation; θ min , minimum angle; θ max , maximum angle; ω avg , average velocity; ICC, intraclass correlation coefficient; SEM, standard error of measurement; lower and upper, 95% confidence intervals for the levels of agreement.
reliability between the 2 systems in measuring dynamic shoulder elevation. SEM values ranged from 1° to 3° and LOA lower to upper limits ranged at most from -9° to 8°, indicating that differences this large can be observed between these motionanalysis systems. Both systems are able to reliably measure dynamic shoulderelevation angles with small measurement error. Average velocity reliability for the motions ranged from moderate to good (ICC = .70-.97). SEM values ranged from 1° to 2°/s, and LOA lower to upper limits ranged at most from -6° to 5°/s, indicating excellent reliability for average velocity measures. Because minimum and maximum angular velocities were sensitive to smoothed data in Datapac versus the unsmoothed data in Dartfish, the reliability of trials within each system was compared ( Table 2 ). Both Datapac and Dartfish demonstrated moderate ICCs ranging from .52 to .84. Although ICC values are similar between the systems, the SEM and agreement boundary were much greater for Dartfish (SEM range 7-21°/s) than Datapac (SEM range 4-5°/s). On this basis, minimum and maximum angular-velocity reliability for Datapac were excellent but for Dartfish were poor.
Because the systems were reliable for θ max and ω avg , comparisons between groups were made just using the Datapac results. Average maximum angle for AE was 138° ± 13° for healthy subjects and 113° ± 13° for SLAP subjects; a significant interaction was found (F = 4.8, df = 2,38, P = .013) whereby the healthy subjects increased by 3° over the successive trials and the SLAP group decreased by 2°. Average maximum angle for AAE was significantly greater for healthy subjects (130° ± 11°) than SLAP patients (112° ± 11°; F = 12.8, df = 1,19, P = .002). Average velocity for AE was 18° ± 4°/s for healthy subjects and 20° ± 4°/s for SLAP subjects, and a significant interaction was found (F = 4.2, df = 2,38, P = .02), whereby the healthy subjects increased by 2°/s over successive trials and the Data are combined healthy participants (n = 11) and patients with superior labrum anteroposterior lesions (n = 10). Mean ± SD are the mean and pooled SD for 3 repetitions. AE, active elevation; AAE, active assisted elevation; ω min , minimum velocity; ω max , maximum velocity; ICC, intraclass correlation coefficient; SEM, standard error of measurement; agreement boundary, 95% confidence intervals.
SLAP group decreased by 2°/s. Average velocity for AAE was 18° ± 3°/s for healthy subjects and 17° ± 3°/s for SLAP subjects, and a significant interaction was found (F = 3.5, df = 2,38, P = .04). In this situation, the healthy and SLAP subjects' first and third trials were similar, but for the second trial the healthy subjects increased by 1°/s and the SLAP subjects decreased by 1°/s. The video tracking errors for the 21 files (each containing the 3 repetitions) were 0.64 ± 0.80 errors/file for Datapac and 2.9 ± 4.1 errors/file for Dartfish. There were 27 instances where the tracking parameters were modified in Datapac and 122 instances in which tracking had to be stopped to correct marker placement in Dartfish. Datapac required on average 3 ± 1.5 min/file to track a file, and Dartfish required 8 ± 2.1 minutes.
Discussion
Measurement of dynamic motion has numerous potential applications in musculoskeletal assessment. These results support the ability of dynamic motion using video analysis to differentiate individuals in 2 distinct states (healthy and postoperative). It is important to establish the reliability of any measurement tool before using it clinically. Video-based motion analysis is now more readily available because many individuals and clinicians have access to video cameras. Clinicians need to have the process of data capture and analysis be convenient while providing reliable data.
Our investigation evaluated the reliability of two 2-dimensional motion-analysis systems and observed that the systems yield almost identical data when evaluating angles and average velocity. With regard to analyzing minimum and maximum velocity, Datapac provided moderate reliable minimum and maximum velocity measures, whereas these data from Dartfish had poorer reliability because of its inability to smooth the data.
ROM measurement using the 2 motion-capture systems was reliable, resulting in a high ICC (>.94) and small SEM (<3°). If one compares this with the longstanding practice of using goniometry, motion-capture systems may be better. Hayes et al 8 found fair to good intrarater (SEM 11-23°) and interrater (SEM 14-25°) reliability of goniometric measurements for flexion, abduction, and external rotation. Riddle et al 22 observed high intrarater reliability (ICC = .87-.89) but low and variable interrater reliability (ICC = .28-.90) for active lateral rotation. In a study that examined passive lateral shoulder rotation, MacDermid et al 23 also reported high interrater (ICC = .85-.86, SEM 4.9-7°) and higher intrarater (ICC = .89-.94, SEM 7.5-8.0°) reliability. The relatively low interrater reliability and high measurement error, 8, 22, 23 which vary with the particular motion evaluated, are 2 limitations of goniometry. These limitations may limit the goniometer's ability to detect clinically meaningful differences in motion if the differences observed are less than the measurement error.
In addition to reliability, a motion-analysis system should be able to identify differences in motion between groups. The relatively low measurement error of the motion-analysis systems should enable the detection of small but important differences between patients, which would potentially be masked with goniometric evaluation because of its potentially large measurement error and low interrater reliability. In our study, we found for AE a greater maximum angle for healthy than for SLAP (139° ± 11° v 113° ± 13°, P = .001) groups, suggesting that the SLAP patients have a reduced ROM resulting from the injury, as would be expected, at the time of data collection only 6 weeks after surgery. Although average velocity for both motions tested was found to be statistically significant, the clinical relevance of a 1° to 2°/s change over the 3 trials needs to be considered in respect to the SEM and LOA results. The ROM differences of approximately 16° exceed the SEM (3°) and LOA (-9° to 8°), and as such the clinical meaningfulness of these differences is supported. The difference found in average velocity for AE and AAE appears to be on the border of measurement error (<2°/s) and well within the level of agreement (±5°/s). From a measurement-error perspective and a clinical perspective, the 1° to 2°/s change over trials, although reaching statistical significance, likely does not constitute a clinically meaningful change or difference. The AAE exercise was found to have an even smaller change in velocity, perhaps suggesting again that, although reaching statistical significance, it is not clinically meaningful because it is within the LOA range. There are some criticisms of ICC, and subsequently SEM, which is derived from ICC, such as the severe effects of the between-subjects variance that affect the magnitude of the coefficient. 24 Other tests have been proposed, including LOA, that describe a more clinically interpretable output, although LOA also have limitations including an inability to separate sources of bias. 21 There are different preferences for SEM and LOA, and as such both are reported herein to enable readers to make their own interpretation.
Despite the speed of movement being somewhat controlled at 20°/s using a metronome set at 60 beats/min, we also found that the average velocity was 18° to 20°/s, which is close to the target of 20°/s, suggesting that a metronome is a moderately effective means of controlling relatively slow speeds of upper extremity movement. Although the differences in angles between groups is large enough that it could have been detected using goniometry, the average velocity would not have been measurable with goniometry alone, supporting the idea that motion-capture systems may be valuable in the rehabilitation process if other monitoring variables are of interest. A clinically more relevant difference in velocity of movement may have been detected with different instructions such as to move at a self-selected pace. However, a self-selected pace was not chosen because the data were collected in concert with a concurrent electromyographical study in which velocity of limb motion can affect the data. 25, 26 When choosing a motion-capture system, there are differing benefits and limitations of the 2 systems (basic v comprehensive). Both systems are capable of acquiring, displaying, and tracking movement and require adequate marker contrast to autotrack efficiently. If there is insufficient contrast between markers and skin or background, the ability to autotrack error free is greatly diminished. In general, autotracking was more stable in Datapac; there were on average 4.5 times more tracking errors in Dartfish. It also took an average of 5 minutes longer to track a single video file on Dartfish. When errors were encountered in Datapac, marker parameters such as size, speed, and contrast could be modified. Dartfish does not have these adjustable parameters. In Dartfish, you are restricted to stopping the video, rewinding to the frame of interest, and manually moving the cursor back to the center of the marker. Restarting the tracking leads to incorrect velocity values at the time point of the error because the system calculates the velocity from the newly corrected frame to the last frame where the error occurred. Dartfish does not autostop when marker identification is lost. For most tracking errors in Datapac, autotracking was paused immediately and automatically after marker identification was lost, making it easier to correct the error and reidentify the marker.
Other benefits of Datapac include its ability to manipulate data to a greater degree, such as process the signals (smoothing), select events (identify start and stop of motion), calculate additional variables (velocity, acceleration), and export data in a usable format. In particular, this resulted in minimum and maximum angular velocity values that were reliable in Datapac but were unreliable and unusable in Dartfish. In contrast, Dartfish is much simpler to learn to use and still provides usable angle and average velocity data.
Setting up the video camera in a consistent manner is an integral part of using motion-analysis systems. British Association of Sports Sciences guidelines 19 were followed in this study, and low measurement error was observed. The most important aspects of these guidelines include adequate contrast, image size, and focus. There should be a clear contrast between the markers on the subject and the background and underlying skin. This ensures that marker-identification and subsequently autotracking errors are decreased. The camera needs to be set so that the subject's image covers as large an area as possible without the markers leaving the scope of the video monitor. When the markers are as large as possible during autotracking, a more accurate center-of-marker assessment can me made during the process. Finally, the camera should be focused manually by zooming in fully on the subject in the plane of motion, manually focusing, and zooming out to the required field of view. Previous studies have had similar results when keeping setup consistent. 15, [27] [28] [29] 
Conclusions
Video-based 2-dimensional motion-capture systems provide reliable angle and average velocity measures of dynamic shoulder movements. Data from motion-capture systems may be more sensitive to subtle changes in shoulder elevation than traditional goniometric measurements and provide a measure of velocity that is typically not obtained by clinicians. It was not the intent of this study to determine how best this measure could be used clinically, but it may generate further interest and inquiry that may, in the future, provide clinical utility. For more advanced variables such as minimal or maximal velocity, the more comprehensive motion-capture systems are required and these can provide reliable results. These more comprehensive systems also collect data more quickly but have a steeper learning curve to operate, which may preclude clinicians from using them. The clinical significance of data can be interpreted as meaningful if differences exceed measurement errors indicated by measures such as SEM or LOA.
